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A BST RA C T

COVID-19 is a worldwide public health emergency
caused by SARS-CoV-2. Genomic surveillance of SARSCoV-2 emerging variants is important for pandemic monitoring and informing public health responses. Through
an interstate academic-public health partnership, we
established Rhode Island’s capacity to sequence SARSCoV-2 genomes and created a systematic surveillance
program to monitor the prevalence of SARS-CoV-2
variants in the state. We describe circulating SARSCoV-2 lineages in Rhode Island; provide a timeline for
the emerging and expanding contribution of variants of
concern (VOC) and variants of interest (VOI), from their
first introduction to their eventual predominance over
other lineages; and outline the frequent identification
of known adaptively beneficial spike protein mutations
that appear to have independently arisen in non-VOC/
non-VOI lineages. Overall, the described Rhode Islandcentric genomic surveillance initiative provides a valuable
perspective on SARS-CoV-2 in the state and contributes
data of interest for future epidemiological studies and
state-to-state comparisons.
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BA C K GRO U N D
The 2019 coronavirus disease (COVID-19) pandemic has
resulted in 180,569,875 infections and 3,912,211 deaths
worldwide as of June 26, 2021.1 Since publication of the
first genomic sequence for the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),2 we have witnessed the
development of viral mutations throughout the SARSCoV-2 genome, with gradual predominance of those with
major selective advantages.3,4 These viruses with mutations,
termed variants, though feared in the context of this and
other pandemics, are expected as a natural part of virus life
cycles.5 Viruses, including SARS-CoV-2, mutate routinely
as they evolve due to error-prone replication processes,
during which mutations accumulate.6 What matters most
is whether these mutations have epidemiologic and clinical
implications.
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Driven by epidemiological necessity, genomic surveillance efforts increased towards the end of 2020 and it became
increasingly clear that multiple SARS-CoV-2 variants with
enhanced fitness were emerging independently in different
parts of the world, including the United Kingdom,7 South
Africa,8 Brazil,9 California,10 New York,11 and most recently
India.12 Within a short time, the United States Centers for
Disease Control and Prevention (CDC) defined, in an evolving process, viral variants of interest (VOI), with mutations
of likely clinical and public health significance based on
available data; variants of concern (VOC), with mutations
of known significance; and variants of high consequence,
with mutations of high significance, against which prior prevention and medical efforts fail.13 Though existing nomenclature of SARS-CoV-2 variants remains a challenge,14 the
World Health Organization (WHO) recently proposed a
simplification,15 and, as of this writing, CDC-defined VOI
include lineages B.1.427 and B.1.429 (both WHO Epsilon),
first identified in California; B.1.525 (Eta) and B.1.526 (Iota),
first identified in New York; B.1.617.1 (Kappa) and B.1.617.3
in India; and P.2 (Zeta) in Brazil; and VOC include lineages
B.1.1.7 (Alpha), first identified in the United Kingdom;
B.1.351 (Beta) in South Africa; B.1.617.2 (Delta) in India;
and P.1 (Gamma) in Brazil. There are no currently defined
variants of high consequence.13
VOC and VOI are elevated to these designations from
conventional viral variants due to their mutations with
clinical and public health impact. Though these mutations
occur throughout the ~30,000 nucleotide span of the SARSCoV-2 genome, the most strategically located ones are in or
close to the receptor binding domain (RBD) of the viral spike
protein. This specific location mediates the viral binding to
the angiotensin-converting enzyme 2 (ACE2) human cellular receptor, and the resulting membrane fusion and viral
replication cycle, making it also a prime target of innate and
adaptive antiviral responses.16
As of June 25, 2021, Rhode Island (RI) has had a total of
152,514 positive COVID-19 cases, and 2,728 associated
deaths.17 In April 2020, the Kantor laboratory at the Providence-Boston Center for AIDS Research set up the capacity
for SARS-CoV-2 whole genome sequencing to examine variant and mutation evolution in RI.18 This initial, academic
interest has been since formalized and significantly enhanced
by the RI State Health Laboratory (RISHL), and regional and
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national collaborators, aided by the large genomic surveillance investment and analytic tools development in the
United States and globally.19-22 In this manuscript we present
the evolving status of the large-scale surveillance of SARSCoV-2 variants in RI, raise awareness to their existence,
and discuss their potential implications for public health
responses, as we continue to fight this global pandemic.

M ET HO D S

Collection of SARS-CoV-2 samples
The RISHL established a system for the collection of residual specimens from clinical laboratories involved in SARSCoV-2 diagnostic testing for RI residents. The system was
designed to provide specimens from infected individuals
who were hospitalized, reside or work at long-term care
facilities, correctional facilities staff and inmates, K–12
school students and staff, colleges and universities, and the
general population seeking SARS-CoV-2 testing. Samples
were submitted to the RISHL, de-identified and sequenced
by collaborating laboratories, including the CDC, Broad
Institute and Kantor Laboratory. The RISHL also established
an independent SARS-CoV-2 sequencing capacity. In a parallel effort, CDC contracted several commercial laboratories to sequence SARS-CoV-2 from diagnostic specimens.
Sequences generated in these laboratories are submitted to
public databases, including the Global Initiative on Sharing All Influenza Data (GISAID).20 The work presented here
includes sequences originating from RI residents that were
aggregated from GISAID.

SARS-CoV-2 sequencing and sequence analysis
Sequencing methods varied by individual protocols of laboratories wherein samples were processed. For illustration,
in the Kantor laboratory and RISHL, for specimens with low
(<30) cycle thresholds (Ct), RNA was extracted, reverse transcribed and amplified, and the entire SARS-CoV-2 genome
was sequenced by next generation sequencing (NGS) using
the Illumina MiSeq platform. Genomic analyses of statewide SARS-CoV-2 sequences were conducted at the Kantor laboratory, with available tools and custom python
scripts.21-23 Scripts used for analyses pipelines are available
under an open-source license from https://github.com/
kantorlab/covid-pipeline.

Analysis of SARS-CoV-2 mutations
To investigate development of viral mutations outside
known VOC/VOI, we first examined occurrence of SARSCoV-2 spike protein mutations that have been associated
with a VOC or VOI by CDC definitions,13 but that occurred
at least once in variants not classified as VOC or VOI. We
examined the five most frequent mutations and aggregated
the remaining as ‘other’. We also specifically examined occurrence of VOC/VOI mutations between amino acid positions
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417–501 in the spike RBD, which have been more commonly associated with poor clinical outcomes like increased
transmission and disease severity, and immune escape.

Phylogenetic analysis
To provide a snapshot of the phylogenetic spectrum of
available RI SARS-CoV-2 sequences from the start of the
COVID-19 pandemic, we created a maximum likelihood
tree with RAxML,24 that includes the earliest (i) RI non-VOC/
non-VOI sequence per month since the start of the epidemic;
(ii) VOC sequence per month since its detection in RI; (iii)
VOI sequence per month since its detection in RI; the earliest and latest available non-VOC/non-VOI sequences from
each New England state (Maine, New Hampshire, Vermont,
Massachusetts, Connecticut) and New York; one reference
sequence for each of the VOI/VOC; and the original SARSCoV-2 sequence from Wuhan (used as a root). The number
of sequences included was limited to allow a reasonable
tree resolution.

RESU LTS
The first COVID-19 case was detected at the RISHL on
2/29/20 and sequenced by the CDC. A selection of succeeding isolates provided by the RISHL to the Kantor laboratory
and the CDC were further sequenced through December of
2020 (n=99). December of 2020 was punctuated by a heightened concern over the B.1.1.7 variant that was emerging in
the USA and it was recognized that a (albeit nonspecific)
marker for B.1.1.7 was that it displayed a “S-gene target failure” (SGTF) profile by some real-time PCR assays.25 During
that time, the RISHL began to see an alarming increase
in the number of positive specimens that were SGTF and
rapidly scaled up sequencing efforts in order to ascertain
whether B.1.1.7 was circulating in RI. It was not B.1.1.7 yet,
as most of the November–December 2020 SGTF lineage was
actually the B.1.375 variant.25 It was not until 1/19/21 that
the first B.1.17 variant was detected in RI. The expansion of
sequencing efforts succeeded thanks to regional collaborations with the Massachusetts Department of Health and the
Sabeti Laboratory at the Broad Institute, Cambridge, MA.
Indeed, from December 2020 through June 2021 the number of SARS-CoV-2 isolates successfully sequenced from RI
residents by the collaborative has substantially increased
by almost 40-fold and, as of 6/24/21, 3,963 SARS-CoV-2
RI sequences were available (Figure 1, see Appendix).
Given RI’s proximity to major US population centers, the
observed wide diversity of SARS-CoV-2 lineages was not surprising. Indeed, of the total 3,963 RI sequences available as
of this writing, 1,489 (38%) are VOC, 1,177 (30%) are VOI,
and 1,297 (33%) are considered non-VOC/non-VOI (Table 1).
Phylogenetic analyses of the RI SARS-COV-2 spectrum
throughout the COVID-19 pandemic demonstrated expected
clustering by VOC/VOI, dispersion of RI sequences among
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remained at an overall consistent proportion of
all identified cases from the weeks of April 4
Region Variant
Number of
Range of
Variant of Concern
to May 29, 2021: 48% to 48%, 4% to 15%, and
Originally Identified Total Cases
Sampling Dates
30% to 21%, respectively (Figure 3C).
B.1.1.7 (Alpha)
UK
1248
Jan 19 to Jun 05, 2021
Multiple spike protein mutations associated
B.1.351 (Beta)
South Africa
8
Mar 16 to May 25, 2021
with certain VOC and/or VOI also occurred in
B.1.617.2 (Delta)
India
9
Apr 20 to May 25, 2021
RI sequences from non-VOC/non-VOI lineages.
P.1 (Gamma)
Brazil
224
Mar 03 to Jun 03, 2021
Out of 53 spike mutations/deletions associated
with any VOC/VOI per CDC,13 41 occurred in
Region Variant
Number of
Range of
Variant of Interest
at least one RI sequence that was not the VOC/
Originally Identified Total Cases
Sampling Dates
VOI with which that mutation is most comB.1.427 (Epsilon)
California, USA
41
Jan 27 to Apr 15, 2021
monly associated (Figure 4, see Appendix). The
B.1.429 (Epsilon)
California, USA
94
Jan 06 to Apr 29, 2021
five most prevalent mutations included L5F
B.1.525 (Eta)
New York, USA
51
Feb 03 to Apr 27, 2021
(associated with B.1.526; n=828), T95I (B.1.526,
B.1.617.1; n=788), D253G (B.1.526; n=774),
B.1.526 (Iota)
New York, USA
991
Jan 07 to Jun 03, 2021
S477N (B.1.526; n=742), and V1176F (P.2; n=243).
B.1.617.1 (Kappa)
India
0
—
Of nine mutations at seven positions within
B.1.617.3
India
0
—
the SARS-CoV-2 RBD (positions 417-501) assoP.2 (Zeta)
Brazil
0
-—
ciated with VOC/VOI, seven (including S477N,
as above) occurred outside of their VOC/VOI
associated lineages, including K417T (associated
regional sequences, and evolution of mutations over time.
with P.1; n=61), L452R (B.1.427, B.1.429, B.1.526.1, B.1.617,
This latter point is indicated by early sequences in the panB.1.617.1, B.1.617.2, B.1.617.3; n=46), T478K (B.1.617.2;
demic being closer to the root of the phylogenetic tree, and
n=27), E484K (B.1.1.7, B.1.351, B.1.525, B.1.526, P.1, P.2;
more recent sequences being more distal descendants of the
n=191), S494P (B.1.1.7; n=81), and N501Y (B.1.1.7, B.1.351,
original Wuhan strain (Figure 2, see Appendix).
P.1; n=113) (Figure 5, see Appendix). The proportion of mutaMultiple and diverse non-VOC/non-VOI lineages have
tions in spike protein sequences overall and within the RBD
been circulating in RI throughout the pandemic, with changshifted over time from an initial predominance of other
ing proportions over time (Figures 3A, 3B, see Appendix).
spike mutations like the H69-V70 deletion, to an increasOnly few lineages such as B.1.375 and B.1.2 made up subing input of L5F, T95I, D253G, S477N, and V1176F detected
stantial numbers of non-VOC/non-VOI sequences at any
mutations (Figures 4, 5).
one time, with considerable subsequent declines of B.1.375
and B.1.2. Before January 2021, none of the then available
sequences (n=197) would be considered VOC/VOI.
D ISC U SSION
Between January 2021 and May 2021, a steadily increasWe present current data on SARS-CoV-2 genomic surveiling proportion of sequenced RI samples were VOC/VOI;
lance in RI, demonstrating an exponential increase in statefrom 12/205 (6%) in January to 684/771 (89%) in May 2021
wide sequencing capacity, heterogenous lineage dynamics,
(Figure 3A). Indeed, on a weekly basis, from January 2021,
overtake of the sequence landscape by VOC and VOI during
VOC/VOI proportions have steadily increased, effectively
March/April of 2021, and continued evolution of mutations
supplanting non-VOC/non-VOI lineages (Figure 3C, see
of significance in non-VOC/non-VOI lineages. AccumulatAppendix). For example, of the 109 RI samples sequenced in
ing and routinely updated data on SARS-CoV-2 VOC/VOI in
the week of 5/23/21-5/29/21, 72 (66%) are VOC and 23 (21%)
RI can be seen in a website maintained by the authors and the
are VOI. Table 1 lists cases identified as VOCs and VOIs at
RI Department of Health.23 Though these observations may
the time of this writing. Current data are maintained by
not be unique to RI, a statewide comprehensive approach is,
the RI Department of Health and are available at https://riand it continues to enable monitoring, linking to epidemidepartment-of-health-covid-19-variant-data-rihealth.hub.
ology and investments in genomic surveillance within the
arcgis.com/. Overall, all four VOCs (B.1.1.7, B.1.351, B.1.617.2
state. Such efforts will ensure increased awareness, optimal
and P.1) and four (B.1.427, B.1.429, B.1.525 and B.1.526) of the
understanding, and efficient public health responses to this
seven defined VOIs were detected in RI (Table 1; Figure 3C).
evolving pandemic as we continue to implement vaccination
The first VOC detected in RI was B.1.429 in January 2021. The
and prepare for pre-COVID-19 era normalcy.
most frequently occurring VOC is B.1.1.7, first sequenced
Of 3,963 SARS-CoV-2 RI sequences by the end of June
1/19/21, then growing rapidly to 31% of sequences by June
2021, most common lineages increasingly belong to VOC
5, 2021. Other common lineages include VOC P.1 and VOI
B.1.1.7 and to a lesser extent VOC P.1 and VOI B.1.526, as in
B.1.526. As of this writing, B.1.1.7, P.1, and B.1.526 have each
the other northeastern USA states.26 Most other VOC/VOI
Table 1. SARS-CoV-2 Variants of Concern / Interest in RI as of June 24, 2021.
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(except P.2, B.1.617.1 and B.1.617.3) have also been detected
in RI, some in small numbers. Global challenges associated
with these VOC/VOI continue to be encountered, including
increased transmissibility,27 more severe disease outcomes,28
re-infection,29 and vaccine and treatment evasions.30,31 At
this point in time, the impact of knowing variant designation on an individual clinical level is limited, primarily due
to delay in obtaining sequences. However, on a population
level this information continues to be important, and it can
inform treatment, prevention, and public health.32 Interpretation of specific variant-outcome associations data should be
done with caution, considering their continuous evolution.
VOC and VOI can be transmitted through travel, migration, and immigration. However, as we show, mutations of
significance that are in these VOC/VOI, including those at
strategic viral locations that may have negative functional
impact (e.g. increased transmissibility via improved affinity
of the viral RBD to the human ACE2 receptor, or immune
evasion by decreased human antibody binding to the viral
RBD) can also develop de novo, most likely by selective
pressure from the immune system, treatments and vaccines.4 This continues to be concerning, and as currently
seen in India, the emergence of new variants can be fueled
by high population density and insufficient vaccinations,
allowing abundant viral replication and mutation evolution
and fixation.33
A partnership of multiple academic labs, including the
Kantor and Sabeti Laboratories, and the RI Department
of Health State Health Laboratories is at the basis of this
successful establishment of SARS-CoV-2 genomic surveillance in RI. This existing RI collaboration was in place prior
to the COVID-19 pandemic, and mostly focused on HIV
genomics and investigation of methods to minimize HIV
transmission.34-37 Leveraging these collaborations, we have
established SARS-CoV-2 data generation, quality control,
bioinformatics pipelines, interpretation and reporting systems that inform public health and allow integration with
epidemiological and geographic data for the benefit of RI
residents. Such intra-state and regional processes augment
nationwide and global efforts to monitor and respond to the
COVID-19 pandemic as it develops.
SARS-CoV-2 genomic surveillance is challenging, and
limitations exist. Accurate and representative population
sampling is difficult, particularly considering that successful sequencing is only feasible for certain samples, i.e.,
those with relatively low Ct’s, representing high viral levels.
Reporting of sequencing data to public health is not yet standardized and requires substantial efforts to combine with relevant demographic data. Additionally, rapid development of
pandemic-related events and SARS-CoV-2 genome sequencing efforts have made it challenging to agree on nomenclature, lineage delineation, genomic quality control measures,
and relevant mutation lists, to name a few.
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In conclusion, SARS-CoV-2 VOC and VOI have become
dominant in RI, as well as in the surrounding New England
states and the rest of the country, which deserves awareness
from the general RI population and health providers. The
continued decrease in new cases in RI despite the proportional predominance of VOC/VOI is encouraging and can
most likely be attributed to optimized public health measures and high (~75% of those >18 years) vaccination rate
in the state. SARS-CoV-2 is still circulating, particularly
globally, and we must continue to be aware, understand and
monitor evolving SARS-CoV-2 variants, especially those
that become of concern or interest. Conventional mitigation measures that have been used throughout this pandemic, including masking, social distancing, avoiding large
gatherings, decreasing travel, and increasing testing, quarantining and contact tracing, remain available in the event of
variant-induced surge of cases. Importantly, ensuring global
availability of vaccinations, and continuing focus on high
vaccination rates in the US, will protect us all and allow us
to get back to our pre-pandemic lives.
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